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Supplementary Materials and Methods
Proposed strategies for estimating immobilized ligand concentration For cases that require quantification of immobilized ligand concentration, a site-specific conjugation strategy, such as the use of HaloTag or SNAP-tag, is necessary to ensure 1:1 ligand-oligonucleotide conjugation. Following hybridization of the ligand, one potential strategy involves collecting excess conjugate and quantifying DNA concentration using a Nanodrop to determine how much protein was immobilized given that a known concentration was added initially. Another potential strategy, in cases where the ligand is fluorescently-labeled, involves the use of a protease to release the DNA-immobilized ligand, and a fluorometer can be used to quantify the resulting solution.
Fig. S1
. Characterization and optimization of DNA patterning steps. (A) Surface patterning of amine-terminated oligonucleotides is strongly influenced by the composition of the buffer used to dilute the DNA. To visualize and characterize resulting DNA patterns, the fluorescent signal from a complementary fluorescent oligonucleotide that had been flowed across, and hybridized onto, the surface-DNA patterns is imaged and quantified. The use of water as the dilution buffer resulted in a weak fluorescent signal. Adding salt to the buffer improved the fluorescence intensity of the patterns; however, an excess of salt, e.g. 1X PBS buffer, resulted in undesirable background signal. Salinesodium citrate (SSC) buffer, commonly employed for DNA microarray technologies, partially dissolved the positive photoresist, contributing to even higher background fluorescence. Thus, the ideal buffer is one that 1) incorporates low salt concentration and 2) preserves the integrity of the patterned photoresist. In the reported experiments, 50 mM sodium phosphate buffer (pH = 8.0) was determined to be the ideal candidate for generating robust DNA patterns with minimal background. Scale bars represent 500 μm. (B) Two key steps in the DNA-patterning process were investigated further. For the aldehyde-amine condensation step, various (a) oven temperatures (25C, 50C, 75C, 100C) were tested for a 30-min incubation as well as a range of (b) incubation times (5 min, 15 min, 30 min, and 1 hour) at 75C. Results from both highlight the necessary balance in selecting an appropriate temperature/time to ensure complete condensation. At the highest temperature (i.e. 100C), we observed increased coffee-ring effect with higher DNA concentrations accumulating at the edge of the dropcast DNA; thus, we selected a condensation temperature of 75C and incubation time of 30 minutes. (C) For the reductive amination step, all tested incubation times (1 min, 5 min, 15 min, and 30 min) generated high-intensity DNA patterns. Longer incubation times, however, resulted in a slight drop in intensity values. Error bars represent standard deviation and n=4. A DNA concentration of 20 μM was used for all experiments.
Fig. S2. Re-use of PR layer versus new PR layer for multicomponent DNA patterning. (A)
Two strategies were investigated for fabricating multicomponent surface DNA patterns. The (a) first strategy involved re-using the same PR layer that was employed to pattern the first DNA layer to conjugate a second oligo. The (b) second strategy involved removing the first PR layer upon the successful conjugation of the first oligo and applying a new PR layer on which to perform photolithography to define surface patterns for a second oligo. (B) Both strategies generated two-component DNA surface patterns as illustrated in the composite images (right). However, the (a) first strategy resulted in undesired contamination of the first DNA layer pattern with the second oligonucleotide (red arrows), most likely a result of the second oligo reacting with residual unconjugated aldehyde groups from the first DNA pattern region. In the case of the (b) second strategy, distinct and separate patterns with no bleed through of fluorescent signal between the layers was achieved. (C) The repeated application of multiple patterned photoresist layers was tested for up to 10 DNA layers. Hybridization with a complementary fluorescent oligonucleotide revealed that each layer retained its functionality. A DNA concentration of 20 μM was used for all experiments. In addition to directing the spatial assembly of DNA onto a substrate, patterned positive photoresist was used to fabricate PA grids, generating an array of cell-contained 141 µm x 141 µm microislands. Each microisland accommodates a single adult neural stem cell (NSC) and enables high-throughput clonal analysis. The PA grid restricts each patterned single cell to within a microisland over the course of differentiation. (A) To achieve highfidelity, non-biofouling PA patterns, various combinations of PA percentages and laminin concentrations were tested by seeding 50,000 NSCs and observing the integrity of cells patterned within the micro-island features over the course of 6 days. A low percentage of PA (i.e. 5% PA) was insufficient to retain NSCs within the microislands across all of the different laminin concentrations tried. A 10% PA composition with low 10 µg mL -1 laminin concentration demonstrated non-biofouling properties for the first two days but, by days 4 and 6, NSCs were observed escaping the microisland features. Although 20% PA resulted in robust non-biofouling grids for all laminin concentrations for up to 6 days, washing off excess PA was difficult. Thus, 10% PA was optimized further by (B) testing the reaction time of the persulfate-induced grafting of the linear PA to the surface aldehydes. A minimum reaction time of 1 hour was necessary to retain cells within the microislands over the course of 6 days. This condition was utilized for all subsequent experiments. The combination of PA and DNA patterns enabled NSC clonal analysis following 5-day treatment with various soluble media conditions. (a) As anticipated, 20 ng mL -1 of FGF-2 promoted high proliferation with low levels of GFAP+ and Tuj1+ differentiation. As FGF-2 concentration decreased, proliferation rates also decreased as neuronal differentiation increased, while mixed differentiation containing 1% fetal bovine serum and 1 μM retinoic acid exhibited the highest neural differentiation as visualized by the high Tuj1 expression in the (b) representative immunostaining images of microislands for the different soluble conditions. "Unlab." refers to GFAP-/Tuj1-unlabeled cells. Error bars are standard error of the means, and n values can be found in Table S2 . All p-values obtained from Tukey-Kramer test. ***p<0.001. All scale bars represent 100 μm. A DNA concentration of 20 μM was used for all experiments.
Fig. S7. Characterization of adult NSC viability upon labeling with lipid-oligonucleotides.
NSC viability was quantified for (A) bulk cultures over the course of a 5-day culture. Briefly, NSCs were incubated with lipid-oligo conjugates and plated at 15,000 cells cm -2 in NSC maintenance media (DMEM/F12 + N2 Supplement + 20 ng mL -1 FGF-2) with media changes conducted every other day. Live/dead (calcein AM/ethidium homodimer-1) staining was conducted on Days 1, 3, and 5 (n=10). To assess the viability of (B) DNA-patterned NSCs, ranging from single-cell to bulk cell patterns, surface DNA patterns comprised of circles of increasing diameters (15, 30, 60, 120, and 240 μm) were patterned using photolithography (DNA concentration of 20 μM). A second photoresist layer defined polyacrylamide square microisland patterns, such that DNA patterns were centered within the square features. Following NSC labeling with lipid-DNA and capture via hybridization (i.e. Day 0), laminin was incubated to allow for NSC attachment to the substrate. Viability was assessed the following day through live/dead staining (n=12). All scale bars are 500 μm. FGF-2 and ephrin-B2, at the single-cell level. (A) The strategy for labeling the niche ligand, FGF-2, is identical to that of labeling the fluorescent proteins; however, in order to conjugate an oligo to the short EphB4 peptide, TNYLFSPNGPIARAW, a slight variation in the reaction stoichiometries was made to accommodate the small peptide size (~2 kDa), which made it difficult to remove excess DBCO crosslinker via a spin column. (B) SDS-PAGE was used to assess FGF-2 reaction efficiency (left), and a 20% PA gel was employed to analyze the peptide reaction (right). For both scenarios, no unlabeled oligo was detected, suggesting that all of the fluorescent oligo label was reacted to the niche ligand of interest. (C) The spatial presentation of (a) FGF-2 and (b) an ephrin-B2-mimetic peptide, TNYLFSPNGPIARAWC, can be controlled via DNA-directed assembly. Tunable solid-phase presentation can be achieved by modulating the concentration of surface-patterned DNA as visualized by the representative microislands with increasing fluorescent intensities. (D) Single NSC microislands were assembled containing a range of patterned ligand concentrations (DNA concentrations include 1 μM, 2.5 μM, and 20 μM) of either FGF-2 or ephrin-B2 peptide (a) Different concentrations of patterned FGF-2 resulted in similar proliferation and differentiation profiles, even at low concentrations. (b) For the ephrin-B2 peptide, however, a minimum ligand concentration was necessary to drive high neuronal differentiation (right). "Unlab." refers to GFAP-/Tuj1-unlabeled cells. Error bars are standard error of the means, and n values can be found in Table S2 . All scale bars represent 100 μm. NSCs were allowed to settle on the laminin-coated substrate and engage with the peptide for two hours prior to being fixed and immunostained for the EphB4 receptor. Scale bar represents 10 μm. Fig. S13 . Custom cell tracking pipeline using ilastik and Fiji. One of the key challenges faced when analyzing our time-lapse experiments was processing the large number of microisland samples and their even larger associated time-lapse data sets. To address this challenge, we developed a custom computational analysis pipeline to detect and quantify cells within each protein region at each timepoint. In short, ilastik software (51) was employed to enable high-throughput segmentation and identification of cell bodies. (A) A pipeline was established based on user training of the software to distinguish between cell bodies (green) and background (red). Specifically, a handful of timepoints were analyzed manually, which included more challenging case scenarios in which cells were closely associated, spread out, more transparent, etc. The segmented time-lapse videos achieved using ilastik were then imported and analyzed via a custom macro script in Fiji. (C) The first step included converting the segmentation images into binary images and subsequently conducting post processing by filling holes and watershedding. Example timepoints from Days 0, 1, 2, 3, and 4 are provided. (D) The second step involved generating regions of interest (ROIs) based upon the fluorescent signal that is coupled to the protein patterns. (E) Finally, particle analysis was then conducted for three scenarios: 1) total cell body counts within the entire frame of view, 2) cell body counts within ROI 1, and 3) cell body counts within ROI 2. Based on these counts, the number of cell bodies within each of the protein regions as well as those that span both regions could be extrapolated for each timepoint. The potential identification of distinct subpopulations that give rise to observed heterogeneous behavior was tested by comparing proliferation rate vs. Tuj1-positive differentiation on a per microisland basis. However, the heterogeneity in single NSC response to the presentation of both ligands was further highlighted as permutations of high/low differentiation and proliferation were present for all three competing ligand presentations. n = 55 for each ligand presentation. (B) Microislands were binned into one of three categories based on Day 5 immunostaining results: "Low (0%)", "Medium (0-100%)", and "High (100%)" Tuj1+ neuronal differentiation. For each microisland, average cell occupancy within FGF-2 was then monitored for each day of the 4-day time-lapse. The microisland's trajectory is depicted as a line connecting each of these 4 points. 
